Next-generation sequencing (NGS) has been used to determine the reference sequences of model organisms. This allows us to identify mutations by the chromosome number and sequence position where the base sequence has been altered, independent of any phenotypic alteration. Because the re-sequencing method by NGS covers all of the genome, it enables detection of the small number of spontaneous de novo germline mutations that occur in the reproductive lineage. The spontaneous mutation rate varies depending on the environment; for example, it increases when 8-oxoguanine accumulates. If the mutation rate (per replication) is greater than 1/genome size (2n), at least one mutation would generally occur in each cell division on average, producing cells with a different genome from the parent cell. Organisms with larger genomes and more divisions by cells in the reproductive lineage are expected to show higher mutation rates per generation, if the mutation rate per replication is constant among species. The accumulation of mutations that arose in the genome of ancestor cells has resulted in heterogeneity and diversity among extant species. In this sense, the ability to produce mutations in cells of the reproductive lineage can be considered as a key feature of organisms, even if mutations also present an unavoidable risk.
INTRODUCTION
What is a mutation? In DNA Repair and Mutagenesis (2 nd ed.), Friedberg et al. (2006) defined a mutation as being "a heritable change in the sequence of an organism's genome; the full complement of an organism's genetic material is referred to as its genome". In the 20th century, mutation was considered to involve an alteration of a gene that causes a change of a heritable trait, such as color or virus resistance (Luria and Delbruck, 1943; Gluecksohn-Waelsch, 1979) . Projects to sequence the whole genome of organisms and next-generation sequencing (NGS) have enabled the establishment of reference sequences of organisms such as human and mouse (IHGSC, 2001; Venter et al., 2001; MGSC, 2002) . This allows us to identify any sequence by the chromosome number and base sequence position. Mutations can also be described by the chromosome number and position, along with the particular altered base sequence. We usually use the term mutation for a variety of purposes with divergent meanings in various fields of the life sciences. For classifying types of mutation, we use terms such as base substitution, insertion, deletion, amplification, inversion and translocation. To differentiate their functional effects, we use terms such as loss-of-function, gainof-function and dominant negative mutations. Terms such as silent, missense, nonsense and truncating mutations are also used to describe the effects of mutations in protein-coding genes. Moreover, in genomic analysis, the terms synonymous, non-synonymous, intronic and intergenic mutations are used. We also sometimes compare spontaneous mutations and induced mutations, as well as germline mutations and somatic cell mutations. These criteria are summarized in the textbook (Friedberg et al., 2006) . In this minireview, I use the definition that a mutation is a genetically transmittable change in the sequence of the genome passed from mother cell to daughter cell and from parent to child.
REPRODUCTIVE CELLS AND GERMLINE MUTATIONS IN MAMMALS
In Japanese, we use the term "seishoku" to describe reproduction in terms of both individual reproduction in the population, and that in the germline, namely the cell lineage specific for gamete production, which is distinct from somatic cells in the body. Generally, a process in which individuals (i.e., parents) produce a new individual (i.e., offspring) is called reproduction, which is one of the most important features of organisms. The cells of the reproductive lineage of each organism are immortal and responsible for the continuity of life.
There are two types of reproduction: sexual reproduction and asexual reproduction. In sexual reproduction, meiosis and the following conjugation (mating) process are required, in addition to mitosis. In contrast, in asexual reproduction, only mitosis is used and there is no conjugation process. Higher plants such as angiosperms can use both sexual reproduction (seeding) and asexual reproduction (vegetative reproduction). In Escherichia coli and other bacteria, each cell behaves as a reproductive cell, through asexual reproduction. All of the mutations occurring in a parent cell are continuously transmitted to subsequent generations. The mutations occurring in each bacterium thus behave as reproductive cell mutations. The occurrence of spontaneous mutation in reproductive cells produces genetic polymorphism, which provides the raw material for evolution (Williams, 2014) .
In nature, the reproductive ability of mammals is maintained by specific cells, sperm and egg (gametes). In contrast to the case in unicellular organisms, the reproductive cell mutations of mammals are the cumulative total of all mutations that have occurred during the series of cell divisions in the reproductive lineage starting from a fertilized egg. Only those mutations that have occurred and accumulated in reproductive lineage cells, from a fertilized egg to gametes, are transmitted to the next generation.
As shown in Fig. 1 , the reproductive lineage cells are separated from nonreproductive cell lineage cells (somatic cells) during development, and form germ lineage cells. The mutations that occur in the nonreproductive lineage cells, after the stage of divergence from germ lineage cells, will be restricted to that individual. These are called somatic cell mutations and are not transmitted to the offspring. Reproductive lineage cell mutations can be defined as mutations occurring in the reproductive lineage from a fertilized egg to gametes. Such mutations are transmitted to the next generation, but do not exist in the parents. These are often called (de novo) germline mutations. In this review, I often use the term "germline mutation" to describe a mutation in a reproductive lineage cell.
Such mutations are classified into two groups: pre-germcell-stage mutations and germ-cell-stage mutations. The latter group occur in primordial germ cells (PGCs) and cells derived from them after the point of divergence from somatic cells, and are generally called germline mutations. In contrast, the former group of mutations occur before this branching point, so they can exist in both gametes and somatic cells at the same time. Therefore, in sexual reproduction of higher multicellular organisms such as mammals, to determine the biological significance of a mutation, it is important to determine when and where the mutation originated. Spontaneous de novo germline mutations in humans and mice are intensively discussed by Ohno (Ohno, 2018) .
The occurrence of a mutation usually requires a replication event. In the case of 8-oxoguanine (8-oxoG), for example, a reactive oxygen species (ROS) attacks a guanine base, resulting in the formation of an 8-oxoG:C pair in the DNA (Kasai and Nishimura, 1984; Kasai, 2016) . The 8-oxoG can pair with adenine as well as cytosine, so an 8-oxoG:A pair forms in DNA via replication (Shibutani et al., 1991) . During the next round of DNA replication, the adenine in the 8-oxoG:A pair makes a pairing with thymine to form a T:A base pair ( Fig. 2A ). Because T:A is a canonical base pair, it can be retained stably in the DNA. Consequently, through two rounds of DNA replication, 8-oxoG leads to a G:C to T:A transversion mutation (Cheng et al., 1992; Ohno et al., 2014) . Similar to the case with 8-oxoG, most chemically modified (damaged) DNA is not actually mutated itself, but is rather a cause of mutation as a pre-mutagenic lesion. This can result in the formation of a noncanonical base pair, which may be recognized as an abnormal component by DNA repair systems (Friedberg et al., 2006) .
The G:C to T:A transversion mutation caused by 8-oxoG requires three steps: (1) the formation of 8-oxoG (DNA modification), (2) DNA replication of the region including the premutagenic lesion and formation of a noncanonical base pair (mutation intermediate), and (3) formation of a new (different from the original) canonical base pair (fixing of the mutation) in DNA as a mutated allele (Fig. 2B ). Such premutagenic lesions are also produced by alkylation, oxidative deamination or tautomeric isomerization, in addition to oxidation (Friedberg et al., 2006) . It should be noted that the formation of a DNA lesion (premutagenic lesion) is independent from the fixation of a mutation. During its resting stage, an oocyte may accumulate numerous oxidized guanine nucleotides in its DNA and nucleotide pool. However, these oxidized guanine nucleotides do not cause mutations until DNA replication is initiated after fertilization. Similarly, DNA lesions that accumulate in resting stem cells do not cause mutations until DNA replication has restarted.
WHEN AND WHERE DO GERMLINE MUTATIONS OCCUR?
In the adult body, most cells do not divide frequently. However, during human development, starting from a fertilized egg, more than 45 cell divisions are required to form a body composed of 3 × 10 13 cells (Sender et al., 2016) . Upon reaching adulthood, only limited numbers and kinds of cells divide to maintain the size and complexity of the body. In this sense, the cells in which somatic mutations can occur and the timing of this are restricted in the body. Moreover, in the case of germline mutations, the timing and site at which such mutations can occur are highly controlled. The reproductive lineage starts from a fertilized egg located in the mother's body. Cell propagation continues and an epiblast is formed for the preparation of the future body (De Felici, 2013; Behringer et al., 2014) . In mouse, the primordial germ cells (pGCs) that are derived and separated from the epiblast continue to divide for the formation of gametes. During oogenesis, the pGCs, which first appear around 6.25 days postcoitum (dpc), increase in number to about 2.5 × 10 4 cells by 13.5 dpc, and they enter meiosis (Saitou and Yamaji, 2012) . This ceases at prophase of the first division, and the cells enter the resting stage. Therefore, the period in which germline mutations can become fixed by replication is limited to between fertilization (0.5 dpc) and the end of the propagation of pGCs (13.5 dpc). At the time when germline mutation occurs in pGCs, the mother's body holding the pGCs is present in the pregnant grandmother's uterus. A maternal germline mutation observed in a child will thus have occurred within the grandmother's body (Fig. 3 ).
In spermatogenesis, the pGCs that increase in number in early embryogenesis also enter the mitotic resting stage (Saitou and Yamaji, 2012) . However, the spermatogonia restart their cell division around five days after birth, and maintain this division to supply mature sperm continuously for a long period. Therefore, the number of DNA replications for the preparation of fertilization-ready gametes is greater in spermatogenesis than in oogenesis. Thus, there should be more paternal mutations than maternal ones.
Indeed, according to a human study, 75% of germline mutations are of paternal origin, and this proportion increases with age (Goldmann et al., 2016) . Specifically, it was reported that the number of cell divisions associated with oogenesis is about 22 at the embryonic stage, while in spermatogenesis, there are 23 cell divisions/ year in addition to 30 cell divisions during embryogenesis (Goriely, 2016) . According to a calculation by the author, paternal mutations are increased by aging at a 3 . A maternal germline mutation observed in a child occurred in the grandmother's body. When a germline mutation occurs in pGCs in the mother, the mother's body is present in the pregnant grandmother's uterus. Red color indicates the cells carrying the mutation. rate of one mutation/year. In contrast, in the case of oogenesis, maternal mutations increase with age at a rate of 0.25 mutations/year (Goldmann et al., 2016) . It is likely that during the resting stage, DNA and nucleotides in oocytes continuously suffer damage due to oxidative radicals and other chemical/physical attacks. The lesions that result from this and accumulate during aging cause mutations when DNA replication restarts after fertilization. Besides the mutations associated with DNA replication, other mutations occurring without DNA replication, such as in nonhomologous end joining, may also affect the total mutation rate associated with reproduction.
Particular mutations that lead to cell death are by definition not transmitted to progeny cells. In addition, mutations that cause embryonic lethality or infant lethality (i.e., death before reaching reproductive age) are not transmitted to offspring as germline mutations. Thus, some germline mutations are not counted by standard methods for calculating the mutation rate. In this sense, the observable rate of germline mutations is expected to be lower than the rate of somatic cell mutations.
It has been reported that a higher speed of DNA replication results in a higher mutation rate (Maya-Mendoza et al., 2018) . Considering this, early embryogenesis should be a mutation-prone stage because it involves a very high rate of replication (De Felici, 2013; Behringer et al., 2014) . However, we cannot rule out the existence of germline-specific systems for avoiding mutations in reproductive lineage cells. The mutation rate of reproductive lineage cells is probably not constant among the differentiation stages; even within each cell type, it may fluctuate from one cell to the next. It remains unclear when and how many reproductive cell mutations occur during development.
STRATEGY FOR DETECTING GERMLINE MUTATIONS
We can determine the nucleotide sequence of model animals by performing resequencing, and detect any changes from the reference sequence as sequence variations. By defining mutations according to their genome location, we can characterize and evaluate the mutations across the genome independently of bias, such as would occur if analyzing the phenotypic change of individuals.
To evaluate the occurrence of mutations, we have to compare sequences between parent cells and progeny cells. However, it remains difficult to determine the whole genome sequence from a single cell. Practically, 100 ng to 1 μg of DNA is required for NGS analysis, which is equivalent to the genomic DNA of 1.75 × 10 4 -10 5 cells (human female, 2n).
The genome sequence of a parent cell is usually estimated based on the sequence data of progeny cells. As shown in Fig. 4 , for example, after 25 cell divisions, each G 25 cell has its own de novo mutations (DNMs), in addition to the original sequence variations (SVs) of the G 0 cell. Because the loci of DNMs produced in each cell are random and not identical among the cell population, the signal of each DNM is hidden within the signals of the DNA of 10 4 G 25 cells. Thus, we can simulate the G 0 DNA sequence by using the DNA sequence data from a mixture of G 25 cells. Similarly, each G 25 cell (indicated by blue or red in Fig. 4) contains DNMs that have accumulated over 25 cell divisions. Similarly, after clonal expansion for 25 more cell divisions, the SV G25 can be estimated using the DNA sequences of G 50 cells. By comparing SVs between G 0 (∑SV G25 ) and G 25 (∑SV G50 ), we can determine the mutations that occurred between G 0 and G 25 . For example, trio analysis involves comparing the single-nucleotide variations (SNVs) of offspring with those of their parents, and selecting SNVs only found in the offspring as DNMs. According to this strategy, the mutation rate in humans has been estimated to be about 1.2 × 10 − 8 mutations/bp/generation (Kong et al., 2012 ). In contrast to the case in human pedigrees, we can systematically mate genetically manipulated animals to prepare the desired pedigree in the laboratory. In such a case, mutations are expected to accumulate through the generations. By increasing the number of generations, more mutations can be detected in the offspring. Uchimura et al. (2015) used this strategy to determine the mutation rate of Pole1 mutant mice. These methods appear extremely promising in theory, but are associated with certain problems when applied in practice. For example, to determine the mutations that have occurred during a generation, we have to compare the genomes of fertilized eggs between parents and offspring. However, given the difficulty in determining the whole genome sequence from a single cell, we usually use DNA prepared from tissues such as liver, blood or tail. Because these tissues are composed of cells derived from a limited number of stem cells, some somatic mutations may be concentrated in them and observed as noise, especially in the case of mutator mice.
At present, no gold-standard detection pipeline using NGS has been established for DNMs. Thus, confirmation by wet methods such as Sanger sequencing may be required to ascertain whether an identified mutation is true or false. Several parameters, such as sequencing depth and alternate/reference read ratio, could improve the efficiency of detecting DNMs (Masumura et al., 2016a (Masumura et al., , 2016b . Common standards regarding use of the same parameters and thresholds for the confirmation of mutations in addition to a better DNM detection pipeline would be helpful to compare mutation data among different studies.
SPONTANEOUS MUTATIONS AND MUTATOR GENES
In aqueous conditions, DNA gradually degrades via deamination and depurination (Frederico et al., 1990; Lindahl, 1993) . Such DNA lesions are one of the causes of spontaneous mutation. In contrast to induced mutations caused by exogenous factors such as radiation or exposure to chemicals, spontaneous mutations are caused by endogenous factors such as aberrant DNA polymerase or DNA repair genes, or the production of DNA lesions via oxidation or deamination under physiological conditions in cells. It is often difficult to distinguish endogenous from exogenous factors because ROS, a group of DNAmodifying molecules, are generated by intracellular mitochondrial respiration, and also as a result of attack by exogenous mutagens (Kawamura and Kobayashi, 2018) .
Mutator phenotypes are considered as resulting from mutations that increase the spontaneous mutation rate relative to the wild type. Twenty-five mutator genes were summarized in a review of E. coli mutators (Table  1) (Horst et al., 1999) . These genes encode DNA polymerases, mismatch repair proteins, lesion-specific DNA glycosylases and nucleoside triphosphatases, among others. In yeast, it has been shown that mutants of mismatch and other DNA repair genes possess a mutator phenotype (Serero et al., 2014) . In the case of plants, it is known that transposons are responsible for strong mutator activity (Lisch, 2002) . It is also reported that mismatch repair deficiency increases microsatellite instability in plants (Spampinato et al., 2009) .
Some of the mammalian ortholog mutants of E. coli mutator genes, such as Pold1, Msh2 and Mutyh, have also been shown to possess a mutator phenotype (Fishel, 2001; Hirano et al., 2003; Uchimura et al., 2015) . Here, I present the Mth1, Ogg1, Mutyh triple-KO (TOY-KO) mouse strain as an example of a mutator mouse strain. Mth1, Ogg1 and Mutyh genes encode proteins that act in the avoidance of 8-oxoG-caused mutation (Ohno et al., 2014) . MTH1 (mutT homolog 1, NUDT1) degrades 8-oxodGTP in the nucleotide pool to prevent its incorporation into DNA (Nakabeppu et al., 2006) . OGG1 (8-oxoG DNA glycosylase) excises 8-oxoG from DNA, and MUTYH (mutY homolog, adenine DNA glycosylase) removes adenine that has been misincorporated opposite 8-oxoG in DNA (Nakabeppu et al., 2006) . My colleagues and I as well as other groups have reported that mice deficient in these enzymes are prone to develop cancer, indicating a mutator phenotype in somatic cells (Tsuzuki et al., 2001; Sakumi et al., 2003; Sakamoto et al., 2007) . MUTYH is contains an independent set of DNMs accumulated during 25 cell divisions. After clonal expansion for 25 more cell divisions, the SV G25 can be reconstructed using the DNA sequence of G 50 cells. By comparing the SVs between G 0 (∑SV G25 ) and G 25 (∑SV G50 ), we can identify the mutations that occurred between G 0 and G 25 .
responsible for MUTYH-associated polyposis in humans (Venesio et al., 2012) .
We prepared TOY-KO mice deficient for all three enzymes that are active in the avoidance of 8-oxoGinduced mutations (Ohno et al., 2014) . TOY-KO mice accumulated 8-oxoG in the nuclear DNA of their gonadal cells, and exhibited heritable traits such as hydrocephalus and familial tumors. Whole-exome analysis also showed the increased presence of G-to-T mutations, occurring at a rate of 2 × 10 − 7 mutations/base/generation, in the offspring of TOY-KO mice. Compared with the spontaneous base substitution mutation rate of wild-type mice (C57BL/6J) reported by Uchimura et al. (2015) (5.4 × 10 − 9
/mutations/base/generation), the mutation rate of TOY-KO mice is 37 times higher. In the wild-type mice, the contribution of G-to-T transversion mutation in the base substitution mutations was 9.3% (Uchimura et al., 2015) , similar to the human population (9.0%) (Kong et al., 2012) . Analysis of the mutation spectra observed in TOY-KO mice indicated a distinct feature in which 99% Horst et al., 1999. of the mutations were G-to-T transversions. Because G-to-T mutation had specifically increased in TOY-KO mice lacking the ability to avoid 8-oxoG-induced mutations (Fig. 5) , we concluded that 8-oxoG is causative of spontaneous G-to-T mutation in mouse germ lineage cells (Ohno et al., 2014) . By tracing the mutated alleles in a pedigree, we observed the fates of DNMs, in which the mutated alleles appeared, were transmitted, or disappeared, which are the typical fates of novel mutations in evolutionary processes. In TOY-KO mice, the amount of 8-oxoG produced in cellular DNA does not differ from that in wild-type mice. Instead, the enzymes that act in preventing mutations caused by 8-oxoG are removed. This shows that 8-oxoG is endogenously produced and causes heritable spontaneous de novo G-to-T transversion mutations during a generation (the period from a fertilized egg to gametes) through the pre-germ and germ cell lineage.
In experimental animals, unlike in humans, it is easy to control genetic background, gene activity and mating to construct a desired pedigree. Mutator mutations increase the likelihood of detecting other spontaneous mutations and make it possible to clarify the mechanism by which each mutation has occurred. Mutator mouse strains are also useful as lines for accumulating mutations, in which various mutants spontaneously emerge as model animals with heritable traits.
CONCLUSION
The occurrence of spontaneous germline mutations, alongside selection for survival, is important for evolution. However, it can also cause genetic diseases in individuals. If tumorigenesis is caused by an accumulation of mutations in cells, germline mutations accumulating over the generations would also increase the risk of tumors. Even in organisms that reproduce asexually, a significant number of mutations should occur and accumulate during a series of cell divisions (replications), if the mutation rate is greater than 1/genome size (2n). Therefore, mutations accompanying reproduction play an important role in genome diversification in populations.
Theoretically, if the mutation rate (per replication) exceeds 1/genome size (2n), at least one mutation will occur on average in each cell division, producing cells with a different genome from that in the parent cell. In humans, if the mutation rate is 1.67 × 10 − 10 mutations/ bp/replication or more, more than one mutation should occur on average during each replication, and mutation should accompany every cell division. This indicates that each of the cells comprising a body should typically have a different genome from the other cells, forming a genetic mosaic. Organisms with a larger genome and more divisions among reproductive lineage cells are expected to show a higher mutation rate per generation, if the mutation rate per replication is constant among species. The concept that there is a risk of mutation accompanying each cell division also suggests that mutations would accumulate during the in vitro expansion of stem cells for medical applications, in addition to an increase of germline mutations occurring among older parents. To develop and establish methods to control the mutation rate at a lower level could overcome these problems and improve the quality of health during the lifetime. The amounts of 8-oxoG in tissue DNA and of ROS in cells vary in response to the oxygen concentration in the air and mitochondrial activity (Puente et al., 2014) . Although the contribution of G-to-T transversion to substitution mutations is about 9% in de novo germline mutations in mammals, the 8-oxoG DNA repair enzymes MutM (FPG/OGG1) and MutY are conserved in a wide variety of species from cyanobacteria to humans (Aburatani et al., 1997; Radicella et al., 1997; Rosenquist et al., 1997; Ohtsubo et al., 1998; Nakamura et al., 2002; Dufresne et al., 2003; Hirano et al., 2003) . It is likely that the oxidative environment accelerates the genetic diversity of species. The mutations caused by 8-oxoG should have been well controlled over evolutionary history in response to an increase in the atmospheric O 2 concentration.
The descent of reproductive lineage cells can be traced directly back to ancestral cells that are thought to have emerged a few billion years ago, a lineage that will continue into the future as long as life remains. In addition to mutations caused by 8-oxoG, there are numerous other causes and mechanisms by which mutations are produced, in manners dependent on or independent of DNA replication (Lieber, 2010; Mjelle et al., 2015) . Various changes occurring in the genome over the course of evolution have resulted in heterogeneity and diversity among extant species. In this sense, the ability to produce mutations in reproductive lineage cells can be considered a key feature of organisms.
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